Abstract-This paper focuses on the implementation of LCL filter active damping in the control of an inverter for a three-phase grid emulator application. The studies about LCL damping in the literature focus on the case of an inverter injecting current into the grid while a grid emulator application is rather about establishing correct voltage waveforms and emulating the grid for any kind of load connected to it, which brings a different perspective. After having analyzed the stability of the LCL filter taking into account possible load variations, three damping methods are compared and assessed with respect to those concerns.
I. INTRODUCTION
Most inverter-based applications need LC or LCL low-pass filters to remove the switching harmonics from the output current and voltage. A natural behaviour and inherent problem of those LC circuits is the resonance phenomenon leading to uncontrolled highamplitude voltage and current oscillations. It is therefore a common problem that has to be addressed. Active damping methods in the case of an inverter injecting a current to the grid (with quasi-constant electrical characteristics) are studied in [1] - [4] . A grid emulator on the contrary operates with various loads or even with no load, and must therefore display robustness with respect to load variation (i.e. behaviour should remain constant with different kind of loads and working regimes). While some papers already investigated about the control of grid emulators and the generation of fault transients [6] [8] [9] [10], they do not consider the damping of the filter or use a passive damping [11] , and do not consider the stability issues that could arise from highly varying loads. This paper compares three active damping methods of the three-phase LCL filter used in a grid emulator application. It focuses on the impact of highly varying RL loads that affect the stability of the filter and considers the problem from the point of view of the output voltage instead of the output current.
II. GRID EMULATOR PR controller
Inverter LCL + load The general structure of the emulator and its control is schematized in figure 1 . A closed-loop voltage control with proportional and resonant controller [12] [13] in abc frame is adopted as this technique allows a simpler and less computationally expensive implementation than traditional PI control with several dq0 → abc transformations and PLLs.
The controller equation is
where K p is the proportional gain and K h the gain of the resonant terms associated with the fundamental and the harmonics 3, 5 and 7.
From the three-phase voltage reference v * g and the actual output voltages v g , the controller outputs the commands for the inverter v * i with the knowledge of the DC bus voltage. The dynamics of the PWM inverter are very fast compared to the filter dynamics and therefore neglected in the next developments. PWM dead times and voltage limits relative to the DC bus are also neglected.
One phase of the equivalent circuit of the filter is shown in figure 2 for defining the notations. The voltage at the output of the inverter is v i and the RL load has an impedance Fig. 2 . Perfect LCL filter.
rather than a LC filter because the second inductance L 2 helps to reduce the variation of the resonance frequency due to varying load inductance L g .
III. FILTER STABILITY
With the usual assumption that the components have a negligible Equivalent Series Resistance, the filter transfer function between the output and input voltages is
with
It consists of a pair of dominant complex poles that depend mostly on the L 1 C resonant circuit and a real pole and a real zero that depend on the RL load Z g = sL g + R g . Figure 3 shows several root loci of the filter where the gain parameter of the loci is the proportional gain K p
. If a constant

Rg
Lg ratio (position of the zero) is considered and if the value of R g is decreased (and therefore the value of L g as well), the root locus is modified as shown in figure 3 . An unfavourable load from a stability point of view is therefore such that the locus branches are strongly pushed into the right halfplane. This corresponds to the case of a small resistive only (L g = 0) impedance for which the Rg Lg ratio tends to infinity. The zero is then pushed to −∞ and loses its influence on the loci. This kind of load will be used in the following simulations to assess the effectiveness of the damping methods. However, for a large load impedance, the complex poles go on the imaginary axis and the real pole and real zero are cancelling each other, leading 1 The resonant part of the controller merely adds pairs of poles and zeros close together for each value of h considered in equation (1), which are much lower than the resonance frequency of the filter. Therefore, it does not affect significantly the loci and has been neglected to avoid cluttering the figure. 
Inverter-side inductor to a situation close to the no-load case, where the two loci are superposed to the imaginary axis. For the next developments, the parameters of the system and the load are indicated in table I.
IV. ACTIVE DAMPING METHODS
Active damping methods can be separated in two categories [2] : feedback or multiloop-based methods and filter-based methods.
A. Feedback-based methods
Feedback-based methods exploit the knowledge of state variables of the system besides the output, to alter its behaviour and modify its dynamics.
1) Full state feedback: Also called pole placement technique, this method allows to move the system poles at any position (within the physical limits of the system) provided that a full set of state variables are fed back. With all system poles being movable, this technique allows even more optimization than only damping the dominant poles, such as reducing the actuating energy [7] . However, the practical implementation requires many voltage/current sensors or alternatively an observer that estimates the state variables on the basis of a model of the system, at the expense of a larger control complexity.
2) Capacitor current feedback or Virtual resistor:
Very often, the feedback of one state variable only is enough to stabilize the closed-loop system. Among the state variables that can be fed back, the capacitor current is a good choice [6] . Another advantage is its equivalent physical meaning as this method amounts to approximately the same effect as passive damping with a resistor in series with the capacitor, hence the name of virtual resistor method.
In the simplified case of no load, the transfer functions of the classical passive damping with resistance R C and the capacitor current feedback with feedback gain k are respectively
The only difference lies in the absence of the zero in equation (4) . As it can be seen in figure 4 , both virtual and real resistor add the same amount of damping to the system poles but capacitor current feedback allows to keep the roll-off rate of -40dB/decade from the undamped case instead of -20dB/decade in the case of the real resistor, at the expense of a less damped resonance at high feedback gains. The corresponding diagrams are presented in figures 5 and 6 respectively. As for the pole placement technique, capacitor currents can be directly measured or estimated through a model of the system.
B. Filter-based methods
This family of methods consists of an additional block in the control loop, generally just after the controller. They share the advantage of not needing any additional measurement but require a more precise knowledge of the system parameters in order to be effectively tuned. Fig. 7 . Filter-based methods: an additional block GAD is added, generally after the controller, to reduce the resonance.
1) Lead compensator:
The lead compensator [3] is the simplest stabilizing block that can be added to the control:
Its real pole and real zero define a frequency zone in which phase lead is added. The maximization of the system phase margin is an iterative process that must be performed to centre the phase "bump" of the lead compensator at the unit gain frequency of the LCL magnitude curve (see figure 8) . The amount of phase that can be added is limited by the limited spacing of the zero and the pole in the implementation (i.e. α cannot be infinitely small) and any modification of the system or the control may reduce the stability margin or compromise the stability. In addition, the lead compensator tends to amplify the higher frequencies such as the switching harmonics or the noise.
2) Notch filter: From the point of view of its frequency response, the Notch filter is basically a band-stop filter tuned to the resonance frequency of the system and placed in the forward path of the control loop to damp the resonance peak:
The notch filter effects a 45
• phase lag and lead below and above notch frequency respectively (see figure 9) . In order to keep enough phase lead at the unity gain frequency, the notch frequency should be chosen equal or smaller than the system resonance frequency but never higher. The same result arises from the point of view of the root locus: the zeros of the notch have to attract the locus in the left half-plane and must therefore be placed below the system poles. Also, the distance between system poles and notch zeros should be large enough to avoid pole-zero flipping in case of load change or any other variation of the system parameters that affects the position of its dominant poles.
The notch poles aim at making the notch transfer function proper. They are usually chosen far on the negative real axis and heavily damped unless their response impedes on the closed-loop bandwidth.
V. COMPARISON AND RESULTS
In order to check their behaviour in presence of switching harmonics, the three active damping methods have been implemented in simulation by modelling all components including the control blocks and the inverter. Simulation results are presented in figure 10 for the parameters of table I.
The results show that the lead compensator does not have a large enough stability margin and even if its poles are designed to be stable in a continuous-time study, the simulation at a switching frequency of 10 kHz cannot achieve stability (see figure 10) 2 . The other active damping methods are able to successfully stabilize the system at 10 kHz.
The loci of the closed-loop system poles for different load impedances and for each active damping method are presented in figure 11 . This figure helps to visualize the load influence on the system stability for the three considered damping methods. The poles of the system with the notch filter remain poorly damped for every considered load and even become unstable in some cases. This damping method would then have to be re-adjusted with each system modification. The system behaviour with the lead compensator becomes surprisingly stable with the help of the zero from the load inductance or when R C is very high (close to no load case), however it remains unstable for the low impedance resistive load considered as most unfavourable earlier.
Capacitor current feedback on the other side performs very well and is robust as it maintains a damped resonance for each load variation considered. 
VI. CONCLUSION
This paper showed the influence of load variations on the stability of an LCL filter in the context of a grid emulator. The capacitor current feedback technique is the preferred active damping method for its robustness since it provides damped poles for all load cases considered and its simplicity to implement during the development of the grid emulator. On the contrary, filter-based methods may be used at lower costs for applications in which the load remains constant. It can also be noted that the robustness of the capacitor current feedback method may be helpful in case of a modification of the filter (e.g. if components are replaced 3 ). Further works will include tests with capacitive and non-linear loads.
